The article presents the results of kinetic studies of the wet oxidation process of dairy sewage. The dairy sewage, obtained straight from the production line, was subjected to oxidation at pH close to the natural value of 7. Experiments were carried out in a stirred batch tank reactor at the oxygen partial pressure equal to 1 MPa and at temperature ranging from 473 to 593 K. The effectiveness of organic compounds decomposition was estimated based on the measurement of TOC. The kinetics of decomposition of milk components, ie lactose, protein and fat, as well as the kinetics of oxidation of intermediate products was the aim of the study. Measurement of the concentration of protein, fat and lactose was done with a milk composition analyzer, calibrated in relation to the dairy sewage. The obtained results were used to develop a mathematical model of wet oxidation of dairy sewage, including the group of analyzed compounds.
Production of milk and milk products plays an important role in agriculture, food industry and food economy of many countries. In many of them more than 90% of the harvested milk is processed in dairy plants [1] . For several years a continuous increase of milk production has been observed in the world and it is expected that this trend will be maintained in the coming years [2] . With the increased production of milk and milk products, dairy industry will generate more process wastewater. Generally, the dairy industry is not considered to be harmful to the environment, because dairy pollutants are mainly of organic origin. However, new sewage treatment methods are being looked for as the ecological awareness and importance of improved standards of dairy sewage treatment grow. Dairy sewage is generated in two types of objects: milk collecting centers and dairy plants. The sewage differs according to the nature of production and type of final product. The sewage generated by milk collecting centers is mainly a diluted solution of milk, while sewage disposed of at dairy plants consists of the same compounds as milk, but in other proportions, which is shown in the Figure 1 . Dairy sewage as well as milk consist of dissolved protein, from which 80% is casein, suspended fat containing predominantly short-chain fatty acid and carbohydrates consisting mainly of lactose [3] . Untreated sewage, due to its composition and the presence of lactose, is very burdensome for receivers. Lactose quickly decomposes to other intermediate substances, such as organic acids, carbon dioxide and water. This, in turn leads to purification and decrease of pH value of the receiving water even below 2. A big load of organic compounds may also induce eutrophication caused by the expansion of water organisms, resulting in overgrowing of the water reservoir. These phenomena have their consequences -the receiving water becomes useless for municipal and industrial purposes.
Wet oxidation is a method of thermal treatment which leads to decomposition of organic and inorganic components dissolved or suspended in the aqueous phase. It is carried at high temperature ranging from 398 to 573 K and under high pressure of 0.5 to 20 MPa. In order to oxidize pollutants oxygen or air is introduced to the reaction medium. Pressure and temperature range used in the wet oxidation process significantly improves the method efficiency thanks to better solubility of oxygen at high temperatures and increased reaction rates. Wet oxidation process must be performed under elevated pressure, higher than water vapor pressure, in order to keep the solution in the aqueous phase. During the process organic compounds included in the solution are not decomposed completely, but they are converted into intermediate products which are usually less toxic and require less oxygen for their further degradation [4, 5] .
Kinetic studies of the wet oxidation process cover mainly wet oxidation of sewage sludge from municipal wastewater treatment plants [6] [7] [8] [9] as well as harmful and toxic organic compounds [10, 11] . For this type of processes several kinetic models were proposed and their quality was evaluated experimentally [12] . References to wet oxidation of pollutants contained in the dairy sewage can hardly be found in the technical literature. Results of a similar research were presented by Chia et al [13] who conducted the experiments using lactose solution at 423 to 443 K and pressure about 0.7 MPa in the presence of Pt/Al 2 O 3 , CeMn and Pt/CeMn catalysts in order to find an alternative method for treatment of cheese production sewage. Much more attention was paid to the catalytic decomposition of lactose to an intermediate product -lactobionic acid, which is a commercial product [14] [15] [16] . In the case of dairy sewage such a solution cannot exist due to the presence of other substances.
In this study, dairy sewage was subjected to wet oxidation and the results of research were used to create a kinetic model of the reaction and to determine its parameters.
Experimental
The experimental material was taken from a dairy plant which manufactures products on the basis of still improved production techniques and technologies.
The dairy plant specializes in the production of fresh milk, cream, cottage cheese, cheese, kefir, buttermilk and butter. Sewage samples for the experiments were taken directly from the production process. Average parameters of the sewage subjected to analysis are given in Table 1 . The wet oxidation process of dairy sewage was conducted in a laboratory batch wellmixed, high pressure, titanium reactor. The experimental procedure of wet oxidation was described in detail in the previous publication [16] . Figure 2 shows a diagram of the apparatus.
The process was conducted under partial pressure of oxygen equal to 1 MPa at process temperature 453, 473, 493, 503 and 523 K. Sewage sample of the reaction mixture was taken at 120, 240, 360, 480, 600, 900, 1800 and 3600 s after starting the process, ie when the oxygen was injected into the reactor. Detailed description of experimental procedure was published at [17] . Total organic carbon concentration was determined using the coulometric method which also was described in detail in our previous publication [17] .
Lactose, protein and fat concentrations were measured with a LactoStar milk composition analyzer (Gerber). Before the measurement, this analyzer was calibrated in relation to dairy sewage. The concentration of protein in a sewage sample used to calibrate the apparatus, was determined based on the measurement of Kjeldahl nitrogen. The fat concentration was determined on the basis of the measurement of ether extract. Both measurements were made on the basis of standardization procedures. The milk composition analyzer was functioning on the basis of measurements in the two systems: a thermoanalytical measuring system and turbidimetry conductivity system. 
Results
The experiments show the effect of process temperature on the degree of decomposition of organic compounds contained in dairy sewage to CO 2 and H 2 O. The results of wet oxidation process are shown in Table 2 and Figure 3 . From the data shown in Figure 3 it follows that the process temperature has a significant effect on the decomposition. At the temperature 453 K, the decrease of TOC in the reaction mixture is in the range of about 20% in relation to the initial value. Elevation of the process temperature to 523 K increases the degree of TOC nearly to 70%. The data used to developing the kinetic model of milk components oxidation are presented below. Tables 3, 4 and 5 show changes in relative concentration of lactose, protein and fat during the wet oxidation process, respectively. From these data it follows that the concentration of initial compounds in milk is reduced significantly in the first minutes of the process. 
Kinetic model
Based on the experimental results it was found that organic compounds in the sewage were converted to intermediate products containing TOC and next to CO 2 and H 2 O. On this basis, the following scheme of wet oxidation process was proposed (Fig. 4) : The above scheme of dairy sewage oxidation and the obtained experimental data were used in a mathematical description of the process in a batch tank reactor with perfect stirring. It was assumed that each reaction was of the second order (Fig. 4) . Hence, their rates are described by the following equations:
where:
The mass balance for each reactant of the liquid phase has the form:
Differential equations (8)- (12) are the mathematical description of the process of wet oxidation of diary sewage in the experimental reactor.
Based on the data obtained from laboratory experiments, unknown parameters of the kinetic equations described by equations (1)- (7) can be identified.
The estimation of kinetic parameters consists in selecting them in such a way that the concentration profiles obtained experimentally and by analytical analysis remain in the best agreement possible. A quantitative measure of agreement of the two distributions is the so called quality index, which was defined as the sum of square deviations of concentrations determined experimentally and obtained from state equations of the process performed in a given chemical reactor type: 
where p is the vector of kinetic parameters for reaction (1) to (6):
and nT, nt, nc are the number of the number of temperature, moments of sampling and reagents used in experiments.
In the assumed quality index I(p), the summing procedure includes the following factors: the temperature, moments in which the measurements was taken and reagents present in reaction mixture. At such a criterion of fitting, the estimation parameters in equations (1)-(7) will be limited to looking for a mapping minimum (13) . A minimum of the quality index was searched using Marquardt's iterative method [18] . In this method, differential equations (8)- (12) with the initial conditions were solved using Merson's method [19] . Table 6 gives the values of kinetic parameters that minimize the quality index (13). A comparison of experimental results and results calculated using the proposed kinetic model for chosen temperature (453 and 523 K) is illustrated in Figure 5 . To validate the results of estimation of kinetic model parameters, Figure 6 shows a parity plot for experimental TOC concentrations and those concentrations predicted by the proposed kinetic model defined by the equations (1)- (12) .
The obtained results show good agreement of both types of results; correlation coefficient between variables presented on the Figure 6 is R 2 = 0.985. Discrepancies between calculated results and values of TOC concentration measured in the samples are a result of unavoidable measuring errors. However, the statistical analysis of results confirms that the model described by equations (1) to (12) along with the values of kinetic parameters given in Table 6 , provides an adequate description of changes in the concentration of reaction mixture components during the wet oxidation of dairy sewage in temperature range 423-563 K and at partial pressure of oxygen equal to 1 MPa. 
Conclusions
The experimental results show that organic compounds contained in dairy sewage are resistant to the decomposition to carbon dioxide and water. However, they are converted to other organic substances. The highest degree of TOC reduction of sewage was about 70% at 523 K, under the partial pressure of O 2 equal to 1 MPa. Rising process temperature caused an increase in TOC reduction, so that further increase could result in an overall reduction of organic compounds in the sewage. A kinetic model of wet oxidation process was proposed and its kinetic parameters were determined based on experimental data. The results of the proposed model show good agreement with experimental data. 
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